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ABSTRACT
The purpose of this research is to investigate the use of liquid crystals (LCs) to
manipulate and organize faceted nanoparticles and carbon nanotubes (CNTs). Computer
simulations at different levels of detail are used to study these systems. Results from this project
will be relevant for potential applications of these systems in displays, nanoscale electronics,
electro-optical switches, and in the development of composites with unique mechanical, thermal
and/or electronic properties.
In this research, two independent but directly related projects were carried out. In the first
part of the research, we investigated the torque that develops when faceted nanoparticles, namely
cubes and triangular prisms, are immersed in a nematic LC. We used a mesoscale theory in terms
of the tensor order parameter Q(r) to model the nematic. Homeotropic anchoring condition of
the NLC is imposed on the surfaces of faceted nanoparticles. Our results indicate that, when the
particle is oriented at an out-of-plane orientation (i.e. unstable configuration), it moves away
immediately from that state and then slowly orients itself back to the stable configuration (i.e. inplane orientation). The magnitude of the out-of-plane torques is similar to that of in-plane
torques. In case of an isolated nanoprism system, the torque reaches maximum when the particle
orients with one of its rectangular sides parallel to the far field director n(r). In contrast, the
torque of an isolated nanocube system reaches maximum when the particle orients with its four
lateral faces parallel to the far field director n(r). In the second part of our research, we
investigated the effect of varying the molecular structure and the phase of the LC on the CNTs
interactions by performing MD simulations. Our results suggest that increasing the chain length
of the hydrophobic tail of the nCB LC molecule decreases the tendency of aggregation for CNTs
in nCB LCs. Additionally, varying the phase of the nCB LC is insufficient to decrease the
tendency of aggregation for CNTs.
vii

CHAPTER 1. INTRODUCTION
Liquid crystals (LCs) exhibit properties common to those observed in an isotropic liquid
and a 3D ordered crystal (Figure 1.1). Thermotropic LCs, which typically consist of anisotropic
molecules (e.g., rod-like shaped), exhibit orientational order in which most of the molecules are
pointing in the same direction, as in a 3D crystal phase; however, a LC can flow, in analogy to an
isotropic liquid phase. A common LC phase is a nematic liquid crystal (NLC), which exhibits
orientational order and positional disorder (Figure 1.1). In a LC, the director field n(r) indicates
the average orientation of the molecules at a given position r. Electric and magnetic fields, flows
and external surfaces can be used to modify the alignment of the director field, with time
responses on the order of milliseconds. These principles form the basis of modern LC-display
devices.
Systems of particles immersed in LCs have attracted attention for the development of
composite and structured materials. When the particles are introduced in the LC, they produce a
distortion in its director field. Thus the particles and the LC will try to minimize the elastic
perturbation, which leads to long range interparticle interactions. These interactions can induce
the formation of a number of ordered colloid structures [1-17] and depends on the shape and size
of the particles, the local anchoring of the LC at the surface of the colloids, the alignment of the
director field far away from the particles, and the geometry of the surrounding. According to
recent experiments [1-4, 7-10, 12-18] and calculations [9, 10, 12-17, 19-24], long-range
interparticle interactions are anisotropic and can be strong (several thousands of kBT). Most of
the above experimental work has considered systems of spherical, micron sized particles in LC;
however, a number of experimental studies have also worked on spherical [25-30] or rod-like
nanoparticles [31-37] in LC. These systems have potential applications in light-scattering
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Figure 1.1: Top: schematic representations of crystal, nematic liquid crystal (NLC), smectic
liquid crystal (SLC) and isotropic liquid phase [38]. Bottom: different examples of the
ordered structure when µm-sized particles are immersed in NLCs [4, 12].
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devices, photonics, LC displays, nanoscale electronics, electro-optical switches and the
development of optical sensors. According to recent experiments [39-46] and calculations [4750], the binding of molecules, biomolecules and viruses at solid-LC and liquid-LC functionalized
interfaces distorts the local ordering of the LC and leads to inhomogeneous textures. These
inhomogeneities are amplified over several length scales by LC and thus can be detected by
polarized optical microscopy.
When a particle is introduced in the LC, the alignment of the LC is distorted due to the
homeotropic anchoring of the LC at the surfaces of the particles. This constraint dictates
conflicting orientation to the LC, which develops into topological defects. These topological
defects are described by discontinuities in the director field n(r) and a significant decrease in the
scalar order parameter S(r) (i.e. LC melts at the core of the defect) [51]. These defects around
particles attract each other, much like electrical charges, and the interparticle interactions are so
strong that it can bind the particles into ordered structures. Generally, [Figure 1.2] there are three
types of defect structures when a spherical particle is immersed in a LC: the dipole configuration
(where a point defect known as hyperbolic hedgehog is formed by the nematic) [1-4, 52], the
Saturn ring configuration (where a disinclination loop surrounds the particle) [52-54], and the
surface ring configuration (where a disclination ring sits at the surface of the particle) [1-4, 52].
Several computational and theoretical studies have focused on the topic of defect structures [52,
55-63]. The dipole configuration is observed for strong surface anchoring and micron-sized
spherical particles. The Saturn ring configuration is observed upon reduction in particle size
(confirmed recently through experiment) [64], magnetic and electric fields [65], and confinement
conditions [54, 60, 66]. The surface ring configuration is observed upon reduction in the surface
anchoring strength [52, 58]. Recently, by using a mesoscale theory where the nematic is modeled
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Figure 1.2: Three types of defect structures when a spherical particle is immersed in a LC:
the dipole configuration, the Saturn ring configuration, and the surface ring configuration
[52].
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using the tensor order parameter Q(r), system of two spherical particles exhibiting dipole [67,
68] and Saturn ring [19-22] defect structures were examined. The predictions obtained by using
mesoscale theory were satisfactory as compared to molecular simulation [19-22]. This
comparison also proved the validity of the mesoscale theory over nm-length scales. Mesoscale
theory is computationally less expensive than the molecular simulation. Thus it was used to
study the behavior of several spherical nanoparticles in the bulk system [19-22] of nematic LC
and inside nanochannels [24]. It was also used to study several spherocylindrical nanoparticles in
nematic LC [23]. The effects of the shape and size of particles immersed in a nematic LC on the
defect structures was studied recently [69]. Classical density functional theory was used to study
the structure of LC around a cylindrical particle of infinite length and the interactions of such
particles with structured substrates [70-72]. Force between two cylindrical particles of infinite
length was also calculated by using the above theory. Dynamical simulation was performed for
2D and 3D system of disk and spherical particles immersed in LC where they were free to move
due to the several body forces mediated by the LC [73-77]. Molecular dynamics simulation was
also used to study the spherical nanoparticles in the nematogenic matrix of soft spherocylindrical
particles [78].
In recent work, it was demonstrated that nematic braids (formed by delocalized defect
lines) can stabilize colloidal clusters and 2D colloidal crystals [79]. The interaction of
nanoparticles in nematic LC was studied, where a dipolar structure of 5CB was induced around
the DMOAP-coated silica particles for the colloidal diameter as small as 125 nm [80]. Defect
textures in the polygonal arrangement of faceted nanoparticles in nematic LC were analyzed as a
function of temperature, polygon size, and polygon number [81]. Reversible association of pair
of nanoparticles dispersed in nematic LC was recently found due to long-range but weak
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interactions [82]. The self assembly of triangular, square and pentagonal sub-micrometer sized
platelets in a thin layer of nematic liquid crystal was investigated by using 3D numerical
modeling [83]. Rotational dynamics of square platelet colloids in nematic LC around multiaxis
due to the application of external electric field was investigated [84].
Some experimental studies [31, 85-87] have concentrated on using LCs to manipulate
nickel nanowires, carbon nanotubes and SiC nanoparticles [33-36, 85-88]. The goal of these
studies was to use the rapid response of LCs to external forces (electric, magnetic, mechanical)
in order to organize and realign the nanotubes/nanowires. Carbon nanotubes (CNTs) [89] have
diameters on the order of nm and lengths ranging from µm to mm, and exhibit a number of
desirable properties that makes them suitable for a number of applications [90, 91]. For example,
CNTs have an exceptional resistance against mechanical stress and excellent thermal
conductivity, making them suitable to develop composites with extraordinary mechanical and
heat-dissipation properties [85, 87, 90, 91]. As a result, CNTs have attracted a lot of interest for
their potential use as building blocks for nanoscale electronics and optoelectronics devices [85,
87, 90, 91]. A key issue relevant to all these potential applications is controlling the orientation
of the nanotubes. Dispersion of the nanotubes in thermotropic LCs have emerged as one of the
most suitable options among the different methods proposed to align CNTs [85, 90]. If the
nanotubes are adequately dispersed in the LC, they will tend to align with their long axes parallel
to the director field n(r) of the LC. Furthermore, and since the direction of n(r) can be easily
modified by using electric and magnetic fields, flows and/or external surfaces, dispersion of
CNTs in LCs provides an excellent way to manipulate and align nanotubes and semiconductor
nanowires [33-36, 85-88]. After aligning the nanotubes, the LC can be polymerized into a solid
to produce composite materials with unique mechanical, electronic or thermal poperties. On the
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other hand, most of the potential applications of CNTs in nanoscale electronics are not
compatible with the presence of the LC, and therefore the LC should be separated from the
nanotubes after their alignment, for example by draining it through a porous membrane [34, 35].
Furthermore, some experimental studies suggest that adding small amounts of CNTs or
semiconducting nanoparticles to LCs lead to important modifications in the physical behavior of
the LC, which could lead to displays and other electro-optical devices with improved properties
[31, 85, 87, 92-94]. Recently, the interaction and dispersion of single walled CNTs in PEO/water
solution was studied by using molecular dynamics simulations [95]. In similar work, the effect of
surfactants to stabilize the dispersions of CNTs in aqueous solutions was also studied [96-98]. In
other work, it was found that an efficient route toward highly ordered CNT liquid crystals is by
sorting CNT via phase separation processes or dispersion processing [99].
The principles behind the use of LCs to organize particles of spherical and rod-like
shapes (Figure 1.1) can be extended, in principle, to particles with shapes other than spherical, as
well as particles with anisotropic surface patterns, for the assembly of ordered particle structures
with unusual morphologies different from the conventional hexagonal close-packed crystals
formed by spherical colloids [100-105]. A number of applications, e.g. in colloidal crystals,
photonics, nanoscale electronics, memory storage and displays, are envisioned for these
unusually-ordered particle arrays. For example, recently it was reported that these assemblies
could be used to form metamaterials which is used for cloaking devices or light-based circuits
[106]. The vast variety of particles with different shapes and surface patternings precludes the
possibility of an experimental-only approach. Computer simulations will be key in this area of
research to systematically explore and quickly predict the behavior of these systems, aiming at
influencing future experimental efforts. In this research we carried two independent but directly

7

related projects:
(1) Mesoscale simulations of faceted nanoparticles in nematic liquid crystals. Due to the
non-spherical shape of the particle, the nematic is expected to transmit torques to the particle.
When a faceted particle is immersed in LC, the alignment of the LC is distorted because of the
anchoring condition of the LC at the surface of the particle. Due to this distortion in the LC
profile, the LC is expected to transmit torques to the particle in order to minimize its distortion
around the particle. This indicates that LC distortion around the particle represents the force
applied by the LC to the particle which makes it turn. If the alignment of the LC is “switched” by
the external means, the particle will try to reorient back to the stable configuration. Our objective
is to analyze the reorientational behavior of a faceted particle which would be relevant to the
switching studies by external means. Thus, we computed torques transmitted by NLC to the
faceted particle, which are presented in Chapter 2 and will be submitted soon for publication. We
concentrated specifically on several faceted nanoparticles, namely cubes [107, 108] and
triangular prisms [109, 110]. Our results for thermodynamic properties, such as LC defect
structures and potentials of mean force for these faceted particles, have already been included in
one peer-reviewed publication [111], the title page of the paper is attached in appendix A and the
permission to use the paper is attached in appendix B. It was observed that several properties of
the particles (e.g., shape, size) affect the strength and anisotropy of the LC-mediated interparticle
interactions. The morphology and thermodynamic stability of the structures that could be
assembled from these particles were predicted. Since we are interested in the interparticle
interactions and arrangements, the LC does not need to be modeled at the atomic level of detail.
Rather, the LC in this part of the project is modeled using a mesoscale theory in terms of the LC
tensor order parameter Q [51], which can allow the study of larger system sizes.
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(2) Molecular dynamics (MD) simulations of systems of CNTs and LCs. The main goal of
this part of our research is to determine how the interactions between the CNTs and LC
molecules are affected by varying the molecular structure and the phase of the LC. One of the
main challenges in using LCs to manipulate and align CNTs is how to efficiently disperse the
nanotubes in the LC. Suspensions of CNTs in LCs are very unstable, with most of the nanotubes
aggregating in a few days. The key point to obtain high-quality dispersions of CNTs in LCs is to
understand the interactions between the nanotubes and the LC molecules. Molecular simulations
are uniquely positioned to investigate interactions at the molecular level of detail, as well as their
effects on the macroscopic properties of the systems. Such a fundamental understanding will be
crucial to assist experimentalists in the development of high-quality dispersions of large
concentrations of CNTs in LCs, which will be a key for using these systems in the applications
like displays, nanoscale switches, nanoscale electronics, optical sensors for chemicals and
biomolecules, and in the formulations of composites with unique mechanical, thermal and/or
electronic properties. Chapter 3 contains our work on MD simulations of systems of CNTs and
LCs, which will be submitted soon for publication. Finally, our conclusions and future directions
are presented in Chapter 4.
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CHAPTER 2. TORQUE TRANSMITTED BY THE NEMATIC LIQUID CRYSTAL TO
THE FACETED NANOPARTICLES
2.1. Models and Methods
2.1.1. Details of the Model Systems
The system considered here is a rectangular box full of nematic LC with dimensions Lx,
Ly and Lz, containing one or two particles. Figure 2.1(a) shows a schematic representation of the
rectangular box filled with nematic. Periodic boundary conditions are applied to the system in x
and y direction. The system is covered with walls at the top and bottom which provides
homeotropic (perpendicular) anchoring to the nematic LCs. Nematic LCs also have homeotropic
anchoring at the surface of the particles. This anchoring is easy to achieve experimentally by
coating the surfaces with self-assembled monolayers of alkanethiols [112]. When there are no
particles in the system, the nematic LC aligns its director field parallel to the z axis. The
alignment of the nematic LC is distorted when a particle is introduced in the system because the
orientation of the LC far away from the particle does not match with the orientation of the LC
around the particle. This mismatch occurs due to the homeotropic anchoring of the LC at the
surface of the particle and leads to the formation of topological defects.
In our research, we studied cube and triangular prism shaped nanoparticles with rounded
edges. The cubic particle has sides with length L = 40 nm and rounded edges f = 5 nm (Figure
2.1(b)) whereas the equilateral triangular prism shaped particle has rectangular faces with length
L = 150 nm, triangular faces with length l = 68.7 nm and rounded edges f = 5 nm (Figure 2.1(c)).
We studied one- and two-particle systems in our calculations. For one cubic particle systems, the
cube has its center of mass placed in the centre of the nematic cell. The cubic particle is rotated
around five out of thirteen rotational symmetry axes: (1) x axis (2) x=y=z axis (3) x=0, y=z axis
(4) y=0, x=z axis and (5) z=0, x=y axis (Figure 2.2(b)). Based on the octahedral symmetry of a
10
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Figure 2.1: Schematic representation of (a) rectangular box full of nematic liquid crystal,
(b) cubic nanoparticle, and (c) equilateral triangular prism shaped nanoparticle [111].
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cube and how this symmetry is broken by the presence of a distinguished direction [i.e. the farfield director n(r), which is parallel to the z axis], rotations of the cubic particle around the other
eight rotational symmetry axes will lead to configurations similar to those found for the five
rotations described above. For two cubic particle systems, our research was limited to two cubic
particles approaching each other, with each particle having a fixed orientation similar to the most
stable configuration obtained from the one particle system. We considered two cubic particles
approaching in such a way that the defects touch each other and their respective rounded edges
are parallel to each other. The dimensions of the rectangular box for the one cubic particle
system are Lx = Ly = Lz = 100 nm whereas the dimensions of the rectangular box for the two
cubic particle system are Lx = 130 nm, Ly = 190 nm and Lz = 120 nm.
For one triangular prism system, the particle has its center of mass placed in the center of
the nematic cell. The triangular prism particle is rotated around two axes (1) x axis and (2) the
axis passing through two diagonal vertices of the triangular faces (Figure 2.2(a)). During these
rotations, the longest side of the particle is perpendicular to the far field director. We did not
rotate the triangular prism particle around the y axis because rotating the particle around the y
axis will cause the longest side of the particle to become parallel to the far-field director; And
when the longest side of the particle becomes parallel to the far-field director, we have large free
energy penalty according to the research for the system of one spherocylindrical particle in the
nematic LCs [23]. Triangular prism particle can be rotated around many axes but it was rotated
around the above two axes because it will lead to configurations similar to those found for the
remaining other rotations, since the far field director is parallel to z-axis. For two triangular
prism particle systems, we limited our research to two particles approaching each other, with
each particle having configuration similar to the stable configuration obtained from the system of
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Figure 2.2: (a) The triangular prism particle is rotated around the two axes (1) only x axes
(2) the axis passing through two diagonal vertices of two triangular faces as indicated in the
figure. In all cases, far field director n(r) is parallel to the z-axis. (b) The cubic nanoparticle
is rotated around the five axes out of thirteen rotational symmetry axes as indicated in the
figure [111].
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one particle. Depending upon the PMF results obtained from one triangular prism particle system
[111], the triangular nanoprisms can be the building blocks of several ordered arrays where the
particles have their longest side rotated along x axis but their centers placed on different axes;
their orientation may also vary. As a result, three ordered arrays of two nanoprisms were
considered (1) centers are on the x axis and both the particles have the same orientation (linear
array) (2) centers are on the y axis and both the particles have the same orientation (parallel
array) and (3) centers are on the y axis, with one of the particle inverted with respect to other one
(inverted parallel array). Out of three ordered arrays, according to the PMF and defect structure
results [111], inverted parallel array was found to be thermodynamically more stable than the
linear and parallel array. Therefore, torques for only inverted parallel array was calculated. The
dimensions of the rectangular box for the one triangular prism particle system are Lx = Lz =
1000 nm, Ly = 500 nm. The dimensions of the rectangular box for the two triangular prism
particle system are Lx = 400 nm, Ly = 1200 nm and Lz = 300 nm for inverted parallel array.
For one particle system, as a faceted particle is rotated in the nematic cell along a
particular direction, there is a change in the nematic profile which applies restoring torque to the
particle. In one particle system, restoring torques depends on the angle of rotation θ along a
particular direction. When several particles are immersed in the LC, the reorientational behavior
of a faceted particle depends on the restoring torque applied on each particle and the interaction
between the particles. Therefore, torques for two particle system is calculated. For two particle
system, two particles are drawn closer to one another while keeping their orientation unchanged.
Since the centers of such particles appear to glide along parallel, but non-coincident planes, one
would expect that the torque they exchange through the intervening liquid crystal should make
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them turn. Keeping the particle‟s orientation unchanged amounts to apply restoring torques to
both of them, which depends on the interparticle separation d.
2.1.2. Mesoscale Theory for the Nematic Liquid Crystal
The nematic LC is modeled using a mesoscale theory in terms of tensor order parameter
Q(r). The tensor order parameter Q(r) is different from director field n(r) because it is free of
discontinuities even at the LC defect core. The scalar order parameter S(r) and the director field
n(r) can be calculated from Q(r) by using its largest eigenvalue 2S/3 and eigenvector [51]. In a
recent study of spherical particles [19-22], the nematic LC was modeled using this mesoscale
theory and the results were compared with molecular simulations where the nematic was
modeled using Gay-Berne ellipsoids. It was found that the results in both the cases were in
agreement down to the nm-scales, which shows the validity of the mesoscale theory at these
scales. The mesoscale theory also corresponds to the particular case of Beris-Edwards
formulation [113]. According to this formulation, the evolution of tensor order parameter Q as a
function of position r and time t is determined by the functional derivative of free energy of the
liquid crystal F with respect to tensor order parameter Q.

Q
1  F 1  F  
 
 Tr
I
t
  Q 3  Q  

(1)

γ is the kinetic coefficient associated with the rotational viscosity of the liquid crystal and
it is assumed constant. The functional derivative of the free energy of the liquid crystal F with
respect to tensor order parameter Q is assumed to be symmetrized in Equation (1). The following
equation represents the free energy of the nematic liquid crystal and it is divided into three parts.
F   dr f LdG r    dr f e r    dSf s r 

(2)
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The first term is Landau-de Gennes [51] expansion representing the short range
interactions that drive the bulk isotropic to nematic phase transition.
f LdG 

 

 

  

A U 
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Tr Q 2
1   Tr Q 
2
3
3
4

2

(3)

A and U are the constants in the above equation which depends on the liquid crystal. A
represents the energy scale of the model and U governs the bulk scalar order parameter

S bulk 

1
8 
1  3 1 


4
3U 

(4)

When 0 < U < 2.7, the system is isotropic but at U > 2.7, the system is nematic. U = 3
and 8/3 are the metastability limit for isotropic and nematic phase respectively. The third term in
Equation (2) represents the contribution of surface to the free energy of the liquid crystal and
accounts for anchoring of the liquid crystal at the surface of the particle. We are concerned with
the limit of the infinitely strong homeotropic anchoring of the liquid crystal at the surface of the
particle. The prescribed homeotropic anchoring of the liquid crystal at the surface should be
satisfied at the limiting case otherwise the term fs diverges. The homeotropic anchoring of the
liquid crystal is applied at the surface through boundary conditions for calculation purposes.
The second term in Equation (2) is the contribution of the long range elastic forces of the
liquid crystal to the free energy and introduces a free energy penalty related to the gradients of
the tensor order parameter field. In our research, we used one elastic constant approximation [51]
where the constants K11 (splay), K22 (twist) and K33 (bend) have common value. During a
recent study of spherocylindrical particles in a nematic liquid crystal [23], it was found that the
results obtained from the one elastic constant approximation were similar to those from the three
elastic constant approximation [113-115]. The term fe in the Equation (2) is as follows:
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fe 

L1 Qij Qij
2 xk xk

(5)

In the above equation, i, j, k  x, y, z , the Einstein summation convention over the
repeated indices is used. When the Equation (1) is evaluated using Equation (2), (3) and (5), we
obtain the set of partial differential equations of Q as follows:

Qij
t



1   U 
 A 1   Qij  AU
   3 

 ij



Qik Qkj  Qkl Qkl  Qij Qkl Qkl   L1
3
xk



 Qij 



x
k



(6)

The above equation gives the set of partial differential equations of Q which is solved
numerically for all the systems in our study. The dimensionless constants are A = 1, U = 6, γ =
400 and L1 = 1, corresponding to S(bulk) = 0.81. These parameters correspond to the elastic
constant K = 5 pN (one elastic constant approximation) and viscosity = 0.04 Pa.s using the
scaling factors for pressure (105 Pa), length (10 nm) and time (1 ns). These values of constants
represent a low molecular weight liquid crystal like 5CB. For dimensional analysis, we can
obtain a characteristics length scale (ξ) for the spatial variation of Q [116]. The characteristics
length scale (ξ) is equal to 17.3 for calculation purpose and its equation is presented as follows:

  18L1 AU

(7)

Since Q is traceless, it has five independent components of tensor order parameter Q (Qxx,
Qyy, Qxy, Qxz and Qyz). In order to obtain these components, Equation (6) was solved by using
finite elements and the COMSOL multiphysics package [117]. We used the time – dependent
algorithm DASPK, combined with the linear system solver GMRES and the incomplete LU
preconditioner [117] to solve all the equations. In order to minimize the free energy, the
Equation (6) is solved for sufficiently long period of time until the solution has almost no
numerical variation. According to our previous studies [23, 24, 69], we carried out the simulation

17

using unstructured meshes containing tetrahedral, linear Lagrange elements set as default mesh
by COMSOL Multiphysics [118]. Several grid densities were used and it was observed that we
require about 51,865 finite elements in order to make numerical solution mesh independent.
Mesh was finer near the wall and the nanoparticle, where the variation of Q is strong and
curvature effects are present. For cubic particles, the minimum length of the finite elements in
our finest grid size is ~1.110-4L which is comparable to those reported by Fukuda et al [59]. The
initial conditions of Q for the simulation are scalar order parameter S(r) equal to S(bulk) and the
director field aligned along the z direction. It was found that the results are similar when the
calculations are started from the LC in an isotropic phase. The scalar order parameter at the
surface of the particle was also set to S(bulk) = 0.81. We can visualize the nematic LC defect
structure by using different methods [119-122]. According to previous studies [19-24, 69], we
use the contour S = 0.30 to visualize the defect because S = 0.30 is the lowest possible value of
the scalar order parameter for the stable nematic LC in our model [113, 116]. The free energy is
calculated by integrating the Equations 2, 3 and 5 over the volume of the system. The torque T is
calculated by the following equation [123]
T = ∮ 𝐋ν𝑑𝑆

(8)

where v is the vector of normals acting on the surface of the particles and L is the couple stress
tensor. The equation for L is given as follows
Lij = 2εiklQkm

∂f
∂ ∂Q ml ∂x j

(9)

where ε is the Ricci‟s alternator and f is the free energy of the system, which includes Landau de
Gennes expansion and long range elastic forces of liquid crystal (Equation (2)). The three
components of torque are calculated by numerical integration of the Equation (8) and (9) over
the surface of the particles.
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2.2. Results and Discussions
2.2.1. Triangular Prism Shaped Particle
2.2.1.1. Triangular Prism Shaped Particle Rotated Around x axis
The PMF value of one equilateral triangular prism shaped nanoparticle rotated around xaxis is presented in paper [111]. PMF value represents the stability of a particular orientation. If
the PMF value is high, then the alignment of the NLC around the particle is highly distorted and
vice versa. Thus, at θ = 30o, the NLC is the most distorted around the triangular prism shaped
particle because of the highest PMF value and at θ = 0 o and 60o, the NLC is the least distorted
because of the lowest PMF value [111]. The maxima and minima in the PMF profile represent
the symmetric orientation of the particle. Thus, at θ = 0o, 30o and 60o, the orientation of the
triangular prism shaped particle is symmetric [111]. Figure 2.3 shows the total torque transmitted
by NLC on one triangular prism shaped nanoparticle, rotated around the x axis, as a function of
angle of rotation. Total torque is calculated as the dot product of the unit vector along the axis of
rotation and the individual components of torques in x, y and z direction. Figure 2.4 shows the
3D visualizations of the NLC distortion around one triangular prism shaped particle. Figure 2.5
shows the contour map of balanced NLC distortion around the symmetric orientation of the
particle.
Torque profile for one faceted nanoparticle in the NLC is mostly divided into in-plane
and out-of-plane torques [83]. In-plane torque is observed when the NLC distortion around the
particle is completely converted into torque, whereas, out-of-plane is observed when only a part
of distortion is converted into torque. When a triangular prism shaped particle is rotated around
the x-axis, the in-plane torque develops as the angle of rotation increases from the stable
configuration (θ ~ 0o) to θ ~ 20o (Figure 2.3), because the orientation of the particle becomes
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asymmetric (Figure 2.4). As the orientation becomes asymmetric, the NLC distortion becomes
unbalanced around the particle (Figure 2.5) and thus, the distortion gets completely converted
into torque. Hence, from θ ~ 0o to 20o, the torque transmitted by the NLC to the particle increases
(Figure 2.3), as the NLC distortion around the particle increases (Figure 2.4). Out-of-plane
torque develops as the angle of rotation increases from θ ~ 20 o to θ ~ 30o (Figure 2.3), because
the orientation of the particle becomes symmetric (Figure 2.4). As the orientation becomes
symmetric, the NLC distortion becomes balanced around the particle and thus, only a part of
distortion gets converted into torque (Figure 2.5). Hence, for θ ~ 20o to30o, the torque transmitted
by the NLC to the particle decreases (Figure 2.3), as the NLC distortion around the particle
increases (Figure 2.4). The magnitude of the out-of-plane torque is similar to that of in-plane
torque but varies more with respect to the angle of rotation, which is evident by its large slope
(Figure 2.3). According to our previous work [111], isolated triangular nanoprism prefers to
orient with one of its rectangular sides perpendicular to the far field director n(r) because NLC
distortion around the preferred orientation is the smallest. Therefore, stable configuration occurs
at fixed interval with θ ~ 0o and 60o (Figure 2.4). These stable configurations have zero torque in
the torque profile (Figure 2.3). When the particle orients with one of its rectangular sides parallel
to the far field director n(r) (i.e. out-of-plane orientations), the torque reaches maximum (see the
enclosed blue rectangular region in Figure 2.3 and the corresponding 3D visualization in Figure
2.4) because NLC around the particle is highly distorted (Figure 2.4). These out-of-plane
orientations are unstable configurations and when a particle is oriented at these configurations, it
immediately moves away from that state, which is evident by the large slope within the enclosed
blue rectangular region in Figure 2.3, and then it slowly reorients itself to the closest stable
configuration.
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Figure 2.3: Total torque transmitted by the nematic liquid crystal on the one equilateral
triangular prism shaped nanoparticle, rotated around the x axis, as a function of angle of
rotation. The enclosed blue rectangular region represents angles with out-of-plane rotation
and the enclosed green region represents angles with in-plane rotation. Circles indicate the
stable and zero torque configuration.
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Figure 2.4: 3D visualizations of the NLC distortion around the equilateral triangular prism
shaped particle when the particle is rotated around x axis at angle θ.
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Figure 2.5: Contour map of the NLC distortion (scalar order parameter S) around the equilateral
triangular prism shaped particle rotated around x axis at angle (a) θ = 0o (b) θ = 30o and (c) θ = 60o.
The orientations a, b and c are symmetric, and the NLC distortion around those orientations is
balanced because the scalar order parameter S near one of the three sides is similar to that of the
other side. If the NLC distortion is unbalanced around the particle, the S would be different on all
the three sides.
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2.2.1.2. Two Triangular Prism Shaped Particle System
Figure 2.6 shows x, y, and z components of torque transmitted by the NLC to the
triangular prism nanoparticles approaching each other along the z-y plane. Our results indicate
that x component of the torque transmitted by the NLC to the triangular prism particles (T x(1,2)) is
more significant than the y (Ty(1,2)) and z (Tz(1,2)) component of the torque for all the interparticle
distances considered. The variation in the magnitude of T x(1,2) is observed for d < 40 nm whereas
the variation in the magnitude of Ty(1,2) and Tz(1,2) is observed when the two nanoparticles are
very close to each other (d ~ 0 nm) (Figure 2.6). The torque Tx(1,2) ~ 0 when the triangular prism
particles are separated by a interparticle distance d > 40nm. However, as d is reduced, Tx(1,2)
increases, reaching a maximum value of ~ 3 nN.nm at d ~ 10 nm. This positive torque in the x
direction will rotate the triangular prism particles around their long axis in an anticlockwise
direction. According to our previous work [111], stable triangular nanoprisms prefer to be close
to each other (d ~ 5 nm) because the surface area of the NLC distortion around the particles is the
smallest. Since the particles approach each other along the z-y plane and one of the particles is
inverted with respect to the other one, as the interparticle distance decreases from d ~ 10 nm to 0
nm, the repulsion between the particles produces the significant change in all the three
components (x, y and z) of torque. Hence, Tz(1,2) and Ty(1,2) show opposite torques with values ~
2.2 nN.nm and ~ 1 nN.nm respectively, whereas Tx(1,2) shows positive torques with similar
magnitude of ~ 2.5 nN.nm (Figure 2.6). This behavior is observed because combining both the
particles in a inverted parallel array leads to a parallelogram like structure (Figure 2.7). Since this
structure behaves as a single particle and has its center on the y axis, it develops T x(1,2) with
similar magnitude and direction. The magnitude of the torques transmitted by the NLC to the
triangular prism particles can be reduced to some extent by making the particles follow a
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Figure 2.6: Torque transmitted by the nematic liquid crystal on the two equilateral
triangular prism shaped particle system as a function of minimum surface-to-surface
interparticle distance d. Triangles: x component of torque acting over particle 1 (red) and 2
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Figure 2.7: 3D visualizations of the NLC distortion around the two equilateral triangular
prism shaped particles separated by the interparticle distance d.
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“diagonal” trajectory while approaching each other. Recently, Hung [69] observed that the
magnitude of the torque Tx(1,2) transmitted by the NLC to the long spherocylindrical particles
decreased by 45%, when the particles approached each other via “diagonal” trajectory.
2.2.2. Cubic Particle
The PMF value of one cubic nanoparticle rotated around the five symmetry axes is
presented in paper [111]. As explained in section 2.2.1, PMF value represents the stability of the
particular orientation. The total torque transmitted by NLC on a cubic nanoparticle rotated
around the y=0, x=z axis is similar to that rotated around the x=0, y=z axis. Therefore, the results
for the torque transmitted by the NLC on a cubic nanoparticle rotated around the y=0, x=z axis
are not presented. Figure 2.8, 2.10, 2.12 and 2.14 shows total torque transmitted by NLC on a
cubic nanoparticle rotated around the x=y=z axis, x=0, y=z axis, z=0, x=y axis and x axis
respectively. In case of a cubic particle rotated around the x axis, x=y=z axis and z=0, x=y axis,
total torque is calculated as the dot product of the unit vector along the axis of rotation and the
individual components of torques in x, y and z direction, whereas, in case of a cubic particle
rotated around x=0, y=z axis, total torque is calculated as the dot product of the unit vector along
the axis of rotation and the absolute value of the individual components of torques in x, y and z
directions.
When a particle is rotated around x=0, y=z axis and z=0, x=y axis, two, out of the three,
individual components of torques are significant in defining the total torque around the axis of
rotation. However, in case of a particle rotated around x=0, y=z axis, the two significant
individual components of torque have opposite signs, therefore the total torque around the axis of
rotation would be invalid. Hence, the absolute value of the significant individual components is
computed. Figure 2.9, 2.11, 2.13 and 2.15 shows the 3D visualizations of the NLC distortion
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around the cubic particle when the particle is rotated at angle θ around the four symmetry axes
mentioned above.
2.2.2.1. Cubic Particle Rotated Around x=y=z axis and x=0, y=z axis
When a cubic particle is rotated around the x=y=z axis and x=0, y=z axis, the in-plane
torque develops as the angle of rotation decreases from the zero torque configuration (T = 0) to θ
~ 30o (Figure 2.8 and 2.10), because the orientation of the particle becomes asymmetric [111].
As the orientation becomes asymmetric, the NLC distortion becomes unbalanced around the
particle and thus, distortion gets completely converted into torque. Hence, from T=0
configuration to θ ~ 30o, the torque transmitted by the NLC to the particle increases (Figure 2.8
and 2.10), as the NLC distortion around the particle increases (Figure 2.9 and refer [111]). Outof-plane torque develops as the angle of rotation decreases from θ ~ 30 o to θ ~ 0o (Figure 2.8 and
2.10), because the orientation of the particle becomes symmetric [111]. As the orientation
becomes symmetric, the NLC distortion becomes balanced around the particle and thus, only a
part of distortion gets converted into torque. Hence, from θ ~ 30o to 0o, the torque transmitted by
the NLC to the particle decreases (Figure 2.8 and 2.10), as the NLC distortion around the particle
increases (Figure 2.9 and refer [111]).
According to our previous work [111], isolated nanocube prefers to orient with none of
its sides perpendicular to the far field director n(r) because the NLC distortion around the
preferred orientation is the smallest. Therefore, particle has the most stable configurations at
fixed interval with θ = 60 o for x=y=z axis and θ = 90o for x=0, y=z axis (Figure 2.8 and 2.10). In
order to have a zero torque, a configuration should have high degree of symmetry along with low
NLC distortion around it. Thus, in case of x=y=z axis and x=0, y=z axis, the most stable
configuration is also a zero torque configuration because of its high degree of symmetry (refer
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Figure 2.8: Total torque transmitted by the nematic liquid crystal on the one cubic
nanoparticle, rotated around the x=y=z axis, as a function of angle of rotation. The
enclosed blue rectangular region represents angles with out-of-plane rotation and the
enclosed green region represents angles with in-plane rotation. Circle indicates the most
stable and a zero torque configuration.
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Figure 2.9: 3D visualizations of the NLC distortion around the cubic particle when the
particle is rotated around x=y=z axis at angle θ.
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Figure 2.10: Total torque transmitted by the nematic liquid crystal on the one cubic
nanoparticle, rotated around the x=0, y=z axis, as a function of angle of rotation. The
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θ = 90o

Figure 2.11: 3D visualizations of the NLC distortion around the cubic particle when the
particle is rotated around x=0, y=z axis at angle θ = 90o.
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[111] and the corresponding 3D visualization in Figure 2.9 and 2.11). When a cubic particle
orients with its four lateral faces parallel to the far field director n(r) (i.e. out-of-plane
orientations), the torque reaches maximum (see the enclosed blue rectangular region in Figure
2.8 and 2.10, and the corresponding 3D visualization in Figure 2.9) because NLC around the
particle is highly distorted. The magnitude of the in-plane torque is similar to that of out-of-plane
torque (Figure 2.8 and 2.10). When a cubic particle is oriented around x=0, y=z axis, out-ofplane torque varies more with the angle of rotation, as compared to that of in-plane torque, due to
the larger slope (Figure 2.10). Therefore, when a cubic particle is oriented at unstable
configuration (out-of-plane orientations), along the x=0, y=z axis, it moves away immediately
from that state and then slowly reorients itself to the stable configuration (in-plane orientations).
In case of a cubic particle oriented around the x=y=z axis, in-plane and out-of-plane torques
varies similar with respect to the angle of rotation, due to the same slope. Hence, for a cubic
particle oriented at unstable configuration along the x=y=z axis, the movement of the particle
from that state and then the reorientation to the stable configuration has the similar speed (Figure
2.8).
2.2.2.2 Cubic Particle Rotated Around z=0, x=y axis
A cubic particle oriented along z=0, x=y axis has a stable configuration at θ ~ 55 o and a
zero torque configuration at θ = 90o. The stable configuration along z=0, x=y axis does not have
a zero torque because of its asymmetry. Hence, when a cubic particle is rotated around the z=0,
x=y axis, only out-of-plane torque develops as the angle of rotation either increases or decreases
from the stable configuration θ ~ 55 o (Figure 2.12), because the orientation of the particle
becomes symmetric on either side [111]. However, as the angle of rotation decreases from θ ~
20o to 0o, we observe an unconventional torque because of the rapid decrease in the NLC
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Figure 2.12: Total torque transmitted by the nematic liquid crystal on the one cubic
nanoparticle, rotated around the z=0, x=y axis, as a function of angle of rotation. The
enclosed light blue rectangular region represents angles with out-of-plane rotation 1, the
enclosed dark blue region represents angles with out-of-plane rotation 2 and the enclosed
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Figure 2.13: 3D visualizations of the NLC distortion around the cubic particle when the
particle is rotated around z=0, x=y axis at angle θ.
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distortion around the particle over a small interval of angle of rotation (refer [111] and the
corresponding 3D visualization in Figure 2.13). Due to the small interval of the angle of rotation,
the orientations are close to symmetric configuration (θ ~ 0o) and thus, only a part of distortion
gets converted into torque. Hence, due to the rapid decrease in the NLC distortion, we observe a
negative torque transmitted by the NLC to the particle (Figure 2.12), instead of a small
conventional positive out-of-plane torque. This odd effect might be due to the numerical error.
When a cubic particle orients with its four lateral faces parallel to the far field director
n(r) (i.e. out-of-plane orientations), the torque reaches maximum (see the enclosed light blue
rectangular region in Figure 2.12, and the corresponding 3D visualization in Figure 2.13)
because NLC around the particle is highly distorted. The magnitude of out-of-plane torques on
either side of the stable configuration is similar (Figure 2.12). In case of a cubic particle oriented
along the z=0, x=y axis, the stable configuration at θ ~ 55 o is sandwiched between the out-ofplane torques (Figure 2.12). Hence, particle oriented at out-of-plane configuration, with an angle
of rotation greater than the stable configuration, would move away from that state and reorient to
the stable configuration at θ ~ 55o, more quickly than that of a particle oriented with an angle of
rotation smaller than the stable configuration, due to the larger slope (Figure 2.12).
2.2.2.3 Cubic Particle Rotated Around x axis
When a cubic particle is rotated around x axis, the torque profile is divided into three
parts: (1) Starting with the zero torque configuration, as the angle of rotation decreases to 30o, we
observe in-plane torques similar to Section 2.2.2.1 (Figure 2.14). (2) As the angle of rotation
further decreases from θ ~ 30o to 20o, we observe out-of-plane torques similar to Section 2.2.2.1
(Figure 2.14). (3) As the angle of rotation decrease from θ ~ 15o to 0o, we observe an
unconventional torque similar to Section 2.2.2.2 (Figure 2.14, the corresponding 3D visualization
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Figure 2.14: Total torque transmitted by the nematic liquid crystal on the one cubic
nanoparticle, rotated around the x axis, as a function of angle of rotation. The enclosed
blue rectangular region represents angles with out-of-plane rotation, the enclosed green
region represents angles with in-plane rotation and the enclosed black region represents
angles with unconventional rotation. Circle indicates the most stable and a zero torque
configuration.
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θ = 5o

θ = 35o
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θ = 45o

θ = 25o

Figure 2.15: 3D visualizations of the NLC distortion around the cubic particle when the
particle is rotated around x axis at angle θ.
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in Figure 2.15 and refer [111]). A cubic particle oriented along x axis has the most stable and a
zero torque configuration at θ = 45o. When a cubic particle orients with its four lateral faces
parallel to the far field director n(r) (i.e. out-of-plane orientations), the torque reaches maximum
(see the enclosed blue rectangular region in Figure 2.14, and the corresponding 3D visualization
in Figure 2.15) because NLC around the particle is highly distorted. The magnitude of the inplane torque is similar to that of out-of-plane torque (Figure 2.14). When a cubic particle is
oriented around x axis, out-of-plane torque varies more with angle of rotation, due to the larger
slope, than the in-plane torque (Figure 2.14), therefore, a cubic particle oriented at unstable
configuration (out-of-plane orientations), along the x axis, moves away immediately from that
state and then slowly reorients itself to the stable configuration (in-plane orientations).
2.2.2.4. Comparisons
When the particle is oriented at the unstable (out-of-plane) configuration, the total torque
(in-plane and out-of-plane) transmitted by the NLC to the particle in order to reorient it to the
stable (in-plane) configuration depends on the difference in the NLC distortion around the most
unstable and stable configuration. If the difference in the NLC distortion is large, then higher
torques is transmitted by the NLC to the particle due to the stronger driving force and vice versa.
PMF value represents the stability of the particular orientation (i.e. NLC distortion). The total
torque transmitted by the NLC on a cubic particle rotated around the x-axis (Figure 2.14), is
nearly four times lower than that on a cubic particle rotated around all the other axes (Figure 2.8,
2.10, and 2.12). This is the axis of rotation effect because, when the particle is rotated around the
x-axis only, the difference in the NLC distortion (~35 kBt) around the most unstable (out-ofplane) and stable (in-plane) configuration is smaller than that of a particle rotated around all the
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other axes (~125 kBt) [111]. Hence, lower torques are transmitted by the NLC on a cubic particle
rotated around the x-axis than that around all the other axes.
The torque transmitted by the NLC on a triangular prism shaped particle (Figure 2.3) is
nearly twice than that on a cubic particle (Figure 2.8, 2.10, and 2.12). This is a size effect
because, in our work, triangular prism particle has more surface area than that of a cubic particle.
Thus, the NLC distortion at the most unstable configuration of a triangular prism particle (~185
kBt) is higher than that of a cubic particle (~125 kBt) [111]. The difference in the NLC distortion
around the most unstable and stable configuration is larger for a triangular prism (~185 kBt)
particle than a cubic particle (~125 kBt) [111]. Thus, higher torques are transmitted by the NLC
on a triangular prism shaped particle. This demonstrates that, under the possible switching
condition with the ratio of size of nanocube and nanoprism similar to this work, a stronger
driving force is required to reorient triangular prism shaped particles back to the same stable
configurations as compared to cubic particles.
2.2.2.5. Two Cubic Particle System
For two cubic particle systems, torques were calculated for two particles approaching
each other with each particle having fixed orientations equal to the thermodynamically stable
configuration obtained from the one particle system. Since, according to our previous work for
PMF and defect structures [111], several one-particle configurations had similar thermodynamic
stability, a configuration, where the cubic nanoparticle is rotated around z=0, x=y axes at an
angle θ = 1250, is used for two particle systems. We considered two cubic particles approaching
in such a way that the defects touch each other and their respective rounded edges are parallel to
each other (Figure 2.17). Figure 2.16 shows x, y, and z components of torque transmitted by the
NLC to the cubic nanoparticles approaching each other along the x-y plane. Our results indicate
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Figure 2.16: Torque transmitted by the nematic liquid crystal on the two cubic particle
system as a function of minimum surface-to-surface interparticle distance d. Triangles: x
component of torque acting over particle 1 (red) and 2 (blue). Circles: y component of
torque acting over particle 1 (red) and 2 (blue). Squares: z component of torque acting over
particle 1 (red) and 2 (blue).
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Particle 1

d = 4 nm

Figure 2.17: (a) Schematic representation of two cubic particles approaching each other
through the interparticle distance d. (b) 3D visualizations of the defect structure formed by
a nematic liquid crystal around the two cubic particles separated by the interparticle
distance d = 4 nm.
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that z component of the torque transmitted by the NLC to the cubic particles (T z(1,2)) is more
significant than the x (Tx(1,2)) and y (Ty(1,2)) component of the torque for all the interparticle
distances considered. The x, y and z components of torque for both the cubic particles
approaching each other Tx, Ty and Tz ≠ 0 even at a distance d > 30nm. This behavior is observed
because a cubic particle oriented around z=0, x=y axes at an angle θ = 1250 has thermodynamic
stability due to the lowest surface area of the defect structure around the particle (i.e. least NLC
distortion) but it does not have a zero torque. For zero torque configurations, the defect structure
around the configuration should have a high degree of symmetry (i.e. balanced NLC distortion)
along with low surface area.
The x, y and z components of torque on both the cubic particles have opposite signs
because both cubic particles approach each other through different octant domains of the
coordinate system. The cubic particle 1 is in bottom-back-right octant whereas the cubic particle
2 is in top-front-left octant (Figure 2.17). As compared to triangular prism shaped particles
system, there is no significant change in the components of torque for both cubic particles till d ~
6 nm (Figure 2.16) and the repulsion is not as significant because the cubic particles approach
with edges (none of the faces) parallel to each other (Figure 2.17). According to our previous
work [111], stable nanocubes prefer to be close to each other (d ~ 5 nm) because the surface area
of the NLC distortion around the particles is the smallest. Due to their trajectory of approach
along the x-y plane, as the interparticle distance decreases from d ~ 6 nm to 0 nm, the repulsion
between the particles produces the significant change in the z and y component of torque
whereas the x component of torque remains constant. Hence, when the interparticle distance
decreases from d ~ 6 nm to 0 nm, the negative z component of torque T z1 on cubic particle 1
increases from ~ -1.1 nN.nm to ~ -1.5 nN.nm whereas the positive z component of torque T z2 on
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cubic particle 2 decreases from ~ 1.25 nN.nm to ~ 0 nN.nm (Figure 2.16). Similarly, the positive
y component of torque Ty1 on cubic particle 1 increases from ~ 0.3 nN.nm to ~ 0.45 nN.nm
whereas the negative y component of torque T y2 on cubic particle 2 decreases from ~ -0.2 nN.nm
to ~ 0 nN.nm (Figure 2.16). Our torque results for one cubic particle systems suggest that the
total torque on the cubic particle oriented around z=0, x=y axes at an angle θ = 1250 is non-zero
therefore, the repulsion, at d < 6 nm, pushes cubic particle 1 in its original path and increases the
magnitude of the z and y component of torque on cubic particle 1. However, the repulsion, at d <
6 nm, pushes cubic particle 2 against its original path and decreases the magnitude of the z and y
component of torque on cubic particle 2 to zero.
When the particles are close to each other (d ~ 5 nm), the total torque on each triangular
prism shaped particle (~ 3.5 nN.nm), due to the presence of their respective particle, is higher
than that on a cubic particle (~ 2 nN.nm) (Figure 2.6 and 2.16). This difference is due to the fact
that triangular prism particles approach with their rectangular faces parallel to each other
whereas the cubic particles approach with their edges parallel to each other (Figure 2.7 and 2.17).
The rectangular face of the triangular prism has more surface area than the edge of the cube and
hence, when the particles are close to each other, the force applied by the intervening NLC to the
triangular prism particles would be higher and in turn develops higher torques.
2.3. Concluding Remarks
We investigated torques transmitted by the NLC to the faceted particle, namely cubic and
equilateral triangular prism shaped particle, in order to analyze the reorientational behavior of a
faceted particle to the stable (minimum distortion) configuration. For one particle system, the
torque profile was mainly divided into two parts: (1) in-plane torques and (2) out-of-plane
torques, except when a cubic particle was oriented along z=0, x=y axis where the torque profile
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has only out-of-plane torques. The magnitude of the out-of-plane torque is similar to that of inplane torque but their variation with respect to the angle of rotation differs. Mostly, out-of-plane
torque varies more than in-plane torques with respect to the angle of rotation due to their large
slope. These out-of-plane orientations are unstable configurations and when a particle is oriented
at these configurations, it immediately moves away from that state, which is evident by the large
slope, and then it slowly reorients itself to the closest stable configuration. In the torque profile,
generally, the stable configuration also has the zero torque except when a cubic particle was
oriented along z=0, x=y axis. In order to have a zero torque, a configuration should have high
degree of symmetry along with low surface area of NLC distortion around it.
In case of equilateral triangular prism shaped particle system, the torque reaches
maximum when the particle orients with one of its rectangular sides parallel to the far field
director n(r) (i.e. out-of-plane orientations). Whereas, in case of cubic particle, the torque
reaches maximum when the particle orients with its four lateral faces parallel to the far field
director n(r) (i.e. out-of-plane orientations). Our results suggests that the torque transmitted by
the NLC on a cubic particle rotated around the x-axis (Figure 2.14), is nearly five times lower
than that on a cubic particle rotated around all the other axes (Figure 2.8, 2.10, and 2.12) due to
the axis of rotation affect. Our results also indicate that, due to the size effect, the torque
transmitted by the NLC on a triangular prism shaped particle (Figure 2.3) is nearly twice than
that on a cubic particle (Figure 2.8, 2.10, and 2.12). Thus, under the possible switching condition
with the ratio of size of nanocube and nanoprism similar to our work, a stronger driving force is
required to reorient triangular prism shaped particles back to their stable configurations as
compared to cubic particles.
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For two-particle system, depending upon the plane along which the particles approach
each other, one component of torque is significant than the other two components. From this
study, it is observed that, when two particles are close to each other, the NLC transmits more
torque on the stable triangular nanoprism, due to the presence of their respective particle, than
that on stable nanocube (Figure 2.6 and 2.16). This difference in the magnitude of torque occurs
because the cubic particles approach with their edges (none of their faces) parallel to each other
whereas, the triangular prism particles approach with their rectangular faces parallel to each
other (Figure 2.7 and 2.17). It is known that the magnitude of the torques on the particles can be
reduced to some extent by making them approach each other via „diagonal‟ trajectory.
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CHAPTER 3. MOLECULAR DYNAMICS SIMULATION OF SYSTEMS OF CARBON
NANOTUBES AND LIQUID CRYSTALS
3.1. Simulation Details
The system consist of a rectangular box of dimensions Lx, Ly and Lz, containing two
CNTs separated by a distance d and immersed in a liquid crystalline solvent (Figure 3.1).
Periodic boundary conditions are applied in all the three directions (x, y and z). LCs with
different chemical structure: 5CB and 8CB (which are members of the 4-cyano-4‟-nalkylbiphenyl series (nCB)) (Figure 3.2) and different phases: smectic and nematic phase of 8CB
LC, were considered in these simulations (Figure 1.1). Regarding the CNTs, single-walled CNTs
with armchair configuration (5, 5) are considered in our simulations. GROMACS MD software
is used to perform our simulations [124]. The .gro file for each molecule was generated using the
PRODRG server [125]. The .gro file for the carbon nanotube was generated using the software
Nanotube Modeler JCrystalSoft [126]. The topology file for each molecule was generated using
GROMACS utility x2top. The initial configurations of our systems were generated using the
GROMACS utilities genconf and editconf. The VMD [127] software was used for all our
visualizations. The AMBER unified-atom force field was used to model 8CB and 5CB [128].
The initial configurations were first relaxed using an energy minimization procedure
using the steepest descent method. Afterwards, MD simulations were performed in the
isothermal-isobaric ensemble (NPT), at atmospheric pressure and at temperatures where the LC
is either in the nematic or isotropic phase. In order to understand the molecular-level interactions
between the CNTs and the LCs, we carried out both the potential of mean force (PMF)
calculations and conventional MD simulations. The PMF calculations provide the free energy
profile for two CNTs moving close to each other through a given LC solvent. The constraint
force method is used for our simulations [129-132]. In constraint force simulations, the distance
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Figure 3.1: Representative simulation snapshot of an MD simulation of a system of two
CNTs immersed in 5CB in the nematic phase.
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5CB

8CB

Figure 3.2: The molecular structure of 5CB and 8CB LC. 8CB LC has three more carbon
atoms in the hydrophobic part of the molecule than 5CB LC.
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between the center of mass of two carbon nanotubes are constrained in x-direction. The force
required to constraint two CNTs in the system at the fixed distance was calculated during the
simulations. Once the constraint force MD simulations were performed at a range of distance (d)
between the CNTs, the potential of mean force (PMF) was obtained by integrating these forces
[129-132] with respect to a reference point, whose free energy value is assigned to zero. In this
study, the reference point is the state where the two carbon nanotubes are far apart. In order to
calculate PMF, constraint force MD simulations are performed at distance (d) ranging from 0 to
2 nm with an interval of 0.0625 nm. Simulations were run for 8 ns and at least 6 ns of the
equilibrated production runs were used to calculate the PMF. The PMF was determined as a
function of the distance d between the two CNTs.
3.2. Results and Discussions
3.2.1. Investigating the Interactions between the CNTs in 5CB and 8CB Nematic Liquid
Crystal System
The interactions between the CNTs in LCs were investigated with two armchair singlewalled CNT (5, 5) and, 5CB and 8CB NLCs (members of the 4-cyano-4‟-n-alkylbiphenyl series
(nCB)). Figure 3.1 shows representative simulation snapshot of an MD simulation of a system of
two CNTs immersed in 5CB NLCs. The difference in the 5CB and 8CB LC is the chain length of
the hydrophobic part of the LC molecule. 8CB LC has three more carbon atoms in the
hydrophobic part of the molecule than 5CB LC (Figure 3.2). Our objective is to find how the
interactions between the CNTs are affected by varying the chain length of the hydrophobic part
of nCB LC. MD simulations were performed in the isothermal-isobaric ensemble (NPT), at
atmospheric pressure and at temperatures where the LC is in the nematic phase. Periodic
boundary conditions are applied in all the three directions (x, y and z).
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Figure 3.3 shows the calculated PMF, for the system of CNTs immersed in the 5CB and
8CB NLCs, as a function of the fixed distance d between the CNTs. The PMF profiles have
deepest minima at d ~ 0.25 nm for 5CB and 8CB NLCs system. This minimum is referred to as
the contact minimum (CM) (Figure 3.7(a)) [95]. The CM determines the CNT‟s preference to
come in contact with each other. The CM for 5CB NLCs (~ -13.4 kcal/mol) is deeper than that of
8CB NLCs system (~ -11.5 kcal/mol). This indicates that the CNTs will have strong tendency of
aggregation in 5CB NLCs system than that in 8CB NLCs system. The maximum in the PMF
profile after the contact minima is referred to as the desolvation maximum (DM) (Figure 3.7(b))
[95]. The DM for both NLCs system has the same the PMF value (~ 0.5 kcal/mol) and occurs at
d ~ 0.45 nm. The DM occurs because of the unfavorable free energy of the system caused by
NLCs trying to form a single layer of NLCs between the CNTs (Figure 3.8(a)). The PMF profiles
have the second minima referred to as solvent-separated minima (SSM) [95] at d ~ 0.63 nm for
5CB and 8CB NLCs system (Figure 3.7(c)). SSM determines the CNT‟s preference to be
separated by a single layer of solvent. The SSM is deeper for 5CB NLC (~ -6.2 kcal/mol) than
that of 8CB NLC system (~ -4.6 kcal/mol). This depth of the SSM indicates that the CNTs would
prefer to be separated by a single layer of 5CB NLC as compared to a single layer of 8CB NLC.
The PMF profiles have the second maxima referred to as second desolvation maximum
(SDM) (Figure 3.7(d)). The SDM occurs because of the unfavorable free energy of the system
caused by NLCs trying to form two layers of NLCs between the CNTs (Figure 3.8(b)). The SDM
for both NLCs system occur at d ~ 0.85 nm but SDM is deeper for 5CB NLC (~ -3.4 kcal/mol)
than that of 8CB NLC system (~ 1.0 kcal/mol). The minimum after the SDM is referred to as
third minima (TM) (Figure 3.7(e)) [95]. TM determines the CNT‟s preference to be separated by
two layers of solvent. The TM for both NLCs system occurs at d ~ 0.95 nm but TM is deeper for
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Figure 3.3: The calculated PMF, for the system of CNTs immersed in the 5CB and 8CB
NLCs, as a function of the fixed distance d between the CNTs.
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Figure 3.4: Number of hydrophobic (HO) and hydrophilic (HI) atoms of 5CB and 8CB
NLCs in the volume between the CNTs, as a function of fixed distance d.
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5CB NLC (~ -3.8 kcal/mol) than that of 8CB NLC system (~ -0.6 kcal/mol). This depth of the
TM indicates that the CNTs would prefer to be separated by two layer of 5CB NLC as compared
to that of 8CB NLC.
Figure 3.4 shows number of hydrophobic (HO) and hydrophilic (HI) atoms of 5CB and
8CB NLC in the volume between the CNTs, as a function of fixed distance d. Figure 3.4 is the
representative of the concentration of hydrophobic and hydrophilic part of 5CB and 8CB NLC in
the volume between the CNTs. The CM, SSM and TM for 5CB NLCs system are much deeper
than that of 8CB NLCs system (Figure 3.3). This difference in the depth is most likely due to the
difference in the hydrophobicity between the CNTs (depending on the number of hydrophobic
and hydrophilic atoms between the CNTs). It is for this precise reason that, we calculated the
number of hydrophobic and hydrophilic atoms in the volume between the CNTs, as a function of
fixed distance, which is presented in Figure 3.4. At CM (d ~ 0.25 nm) and SSM (d ~ 0.63 nm), in
the volume between the CNTs, there are more number of hydrophobic atoms for 5CB NLC
system as compared to that of 8CB NLC system (Figure 3.4). Hence, the attraction between the
hydrophobic CNTs increases and thus, the CM, and SSM are deeper for 5CB NLCs system than
that of 8CB NLCs system (Figure 3.3). As the distance between the CNTs increases further from
d ~ 0.8 nm, there is an increase in the number of hydrophobic atoms and decrease in the number
of hydrophilic atoms for the 5CB NLC system as compared to the 8CB NLC system (Figure 3.4).
Thus, at SDM (d ~ 0.85 nm), there is an increased attraction between the CNTs and, as compared
to the separations d < 0.8 nm, the PMF is deeper for 5CB NLC system than that of 8CB NLC
system (Figure 3.3). At TM (d ~ 0.95 nm), the difference in the number of hydrophobic atoms
for both the systems is smaller than that at SDM and thus, the difference in the PMF at TM is
smaller than that at SDM (Figure 3.3). However, at TM, 5CB NLCs system has more number of
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hydrophobic atoms and less number of hydrophilic atoms as compared to that of 8CB NLCs
system (Figure 3.4). Thus, TM is deeper for 5CB NLCs system than that of 8CB NLCs system
(Figure 3.3).
At larger separation d, the PMF reaches a value of 0 as the interaction between the CNTs
becomes sluggish, since the stable layers of NLCs are formed between the CNTs. As the PMF
for the 5CB NLCs system reaches a value of 0 at a separation (d ~ 2.0 nm) larger than that of
8CB NLCs (d ~ 1 nm) system (Figure 3.3), there is a strong attraction between the CNTs in the
5CB NLCs system as compared to the 8CB NLCs system. The CM for 5CB NLCs is deeper than
that of 8CB NLCs system and there is a significant difference in the PMF profiles. This indicates
that, increasing the chain length of the hydrophobic tail of the nCB LC molecule decreases the
tendency of aggregation for CNTs in nCB LCs.
3.2.2. Investigating the Interactions between the CNTs in 8CB Nematic and Smectic Liquid
Crystal System
The interactions between the CNTs in LCs were investigated with two armchair singlewalled CNT (5, 5) and, 8CB nematic and smectic LCs (member of the 4-cyano-4‟-nalkylbiphenyl series (nCB)). The density of the 8CB smectic phase (~ 1010 g/m3) is higher than
that of the nematic phase (~ 985 g/m3) because of its positional order (Figure 1.1). Figure 3.5
shows the calculated PMF, for a system of CNTs immersed in two different phases of 8CB LC,
as a function of the fixed distance d between the CNTs. The CM for 8CB NLCs and SLCs occurs
at d ~ 0.25 nm and has nearly the same depth (~ -12 kcal/mol) which indicates that the CNTs
will have the same tendency of aggregation in 8CB NLCs and SLCs system. The DM for both
the phases has nearly the same PMF value (~ 1.5 kcal/mol) and occurs at d ~ 0.45 nm. The SSM
for 8CB NLCs and SLCs occurs at d ~ 0.63 nm and has the same depth (~ -0.42 kcal/mol) which
indicates that the CNTs would have same preference to be separated by a single layer of 8CB
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NLC and SLC. The SDM for both the phases has nearly the same PMF value (~ 0.5 kcal/mol)
and occurs at d ~ 0.85 nm. The TM for both the phases occurs at same position d ~ 0.95 nm but
the TM for 8CB SLCs (~ -2.9 kcal/mol) is deeper than the 8CB NLCs system (~ -0.6 kcal/mol).
This indicates that the CNTs would prefer to be separated by two layers of 8CB SLCs as
compared to the 8CB NLCs.
Figure 3.6 shows number of hydrophobic (HO) and hydrophilic (HI) atoms of 8CB NLC
and SLC in the volume between the CNTs, as a function of fixed distance d. Figure 3.6 is the
representative of the concentration of hydrophobic and hydrophilic part of 8CB NLC and SLC in
the volume between the CNTs. There is no significant difference in the PMF profiles for 8CB
NLCs and SLCs at shorter separations (d < 0.85 nm). This occurs because both the phase
systems have nearly the same hydrophobicity, which depends upon the number of hydrophobic
and hydrophilic atoms in the volume between the CNTs (Figure 3.6). As the distance between
the CNTs increases from d ~ 0.85 nm, there is an increase in the number of hydrophobic atoms
in the 8CB SLC system as compared to the 8CB NLC system (Figure 3.6). Thus, at TM (d ~ 0.95
nm), there are more number of hydrophobic atoms in the 8CB SLCs system as compared to 8CB
NLCs system (Figure 3.6). Due to this reason, we observe that the TM is deeper for 8CB SLCs
system than that of 8CB NLCs system (Figure 3.5). Figure 3.7 shows the representative
simulation snapshot of the (a) CM, (b) DM (c) SSM (d) DSM and (e) TM configuration for a
system of two CNTs immersed in the 8CB SLCs. Figure 3.8 shows the front view of the DM and
SDM configuration for a system of two CNTs immersed in the 8CB SLCs.
However, the PMF for both the phase system reaches a value of 0 as the interaction
between the CNTs becomes sluggish, because the stable layers of NLCs are formed between the
CNTs (Figure 3.5). The CM for 8CB NLCs and SLCs has the same depth and there is a
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Figure 3.5: The calculated PMF, for the system of CNTs immersed in the 8CB NLCs and
SLCs, as a function of the fixed distance d between the CNTs.
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Figure 3.7: The simulation snapshot of (a) CM, (b) DM (c) SSM (d) SDM and (e) TM
configuration for a system of two CNTs immersed in the 8CB SLCs.
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a

b

Figure 3.8: Front view of the simulation snapshot of (a) DM and (b) SDM configuration for
a system of two CNTs immersed in the 8CB SLCs.
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significant difference in the PMF profiles only for small range of separation (d ~ 0.85 to 1.2 nm).
This indicates that varying the phase of the liquid crystalline solvent is insufficient to decrease
the tendency of aggregation for CNTs in nCB LCs.
3.3. Concluding Remarks
Molecular dynamics simulations were performed to investigate the interactions between
the CNTs immersed in the liquid crystalline solvent. Our objective was to investigate how the
interactions between the CNTs in liquid crystalline solvent are affected by varying the molecular
structure and the phase of the LC. The interactions between the CNTs in 5CB and 8CB NLCs
system were investigated in order to understand the effect of varying the chain length of the
hydrophobic part of the nCB LC molecule on the CNTs interactions. 8CB LC has three more
carbon atoms in the hydrophobic part of the molecule than 5CB LC (Figure 3.2). Our results
indicate that the CNTs would prefer to be separated by one and two layers of 5CB NLC than that
of 8CB NLC. The CM for 5CB NLCs is deeper than that of 8CB NLCs system and the PMF for
the 5CB NLCs system reaches a value of 0 at larger separation than that of 8CB NLCs system
(Figure 3.3). This indicates that, there is a strong tendency of aggregation for CNTs in the 5CB
NLCs system as compared to the 8CB NLCs system. Thus, increasing the chain length of the
hydrophobic part of the nCB LC molecule decreases the tendency of aggregation for CNTs in
nCB LCs.
The interactions between the CNTs in 8CB NLCs and SLCs system were investigated in
order to understand the effect of varying the phase of the liquid crystalline solvent on the CNTs
interactions. The density of the 8CB smectic phase (~ 1010 g/m3) is higher than that of the
nematic phase (~ 985 g/m3) because of its positional order (Figure 1.1). Our results indicate that
the CNT‟s preference to be separated by a single layer of 8CB NLC and SLC would be similar
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however; they would prefer to be separated by two layers of 8CB SLC than that of 8CB NLC.
The CM for 8CB NLCs and SLCs has the same depth and there is a significant difference in the
PMF profiles only for small range of separation (Figure 3.5). This demonstrates that, the
tendency of aggregation for CNTs is similar in 8CB NLCs and SLCs system. Thus, varying the
phase of the liquid crystalline solvent is insufficient to decrease the tendency of aggregation for
CNTs in nCB LCs.

62

CHAPTER 4. CONCLUSIONS AND FUTURE DIRECTIONS
In this work, the use of liquid crystal to manipulate and organize the faceted
nanoparticles and carbon nanotubes (CNTs) was investigated. The research was divided into two
independent but directly related projects. In first part of the research, we performed mesoscale
simulations of faceted nanoparticles in nematic liquid crystal (NLC) in order to investigate the
torques that develop when faceted nanoparticles, namely cubes and triangular prisms, are
immersed in a nematic LC. Torques were investigated in order to analyze the reorientational
behavior of a faceted particle to the stable (minimum distortion) configuration. The mesoscale
theory was used to model the nematic LC in terms of tensor order parameter Q(r). Homeotropic
anchoring condition of the NLC is imposed on the surfaces of faceted nanoparticles. The results
for one particle system suggest that the torque profile is generally divided into two parts: (1) inplane torques and (2) out-of-plane torques. The magnitude of the out-of-plane torques is similar
to that of in-plane torques. However, out-of-plane torque varies more than in-plane torques with
respect to the angle of rotation which is evident by their large slope. In case of equilateral
triangular prism shaped particle system, the torque reaches maximum when the particle orients
with one of its rectangular sides parallel to the far field director n(r) (i.e. out-of-plane
orientations). Whereas, in case of cubic particle, the torque reaches maximum when the particle
orients with its four lateral faces parallel to the far field director n(r) (i.e. out-of-plane
orientations). These out-of-plane orientations are unstable configurations and when a particle is
oriented at these configurations, it immediately moves away from that state, which is evident by
the large slope of the out-of-plane torques, and then it slowly reorients itself to the closest stable
configuration (i.e. in-plane orientation). In order to have a zero torque, a configuration should
have the highest degree of symmetry along with low NLC distortion around it. The stable
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configuration with zero torque was observed for both cubic and triangular prism particle around
all the other axes except when a cubic particle is oriented along z=0, x=y axis. The torque
transmitted by the NLC on a triangular prism shaped particle (Figure 2.3) is nearly twice than
that on a cubic particle (Figure 2.8, 2.10, and 2.12), due to the size effect. Thus, a stronger
driving force is required to reorient triangular prism shaped particles back to the same stable
configurations as compared to cubic particles under the possible switching condition with the
ratio of size of nanocube and nanoprism similar to our work. The torque transmitted by the NLC
on a cubic particle rotated around the x-axis (Figure 2.14), is nearly five times lower than that on
a cubic particle rotated around all the other (Figure 2.8, 2.10 and 2.12) axes due to the axis of
rotation affect.
The results for two particles system suggest that, when the two particles are close to each
other, the total torque on each triangular prism shaped particle, due to the presence of their
respective particle, is nearly twice than that on a cubic particle (Figure 2.6 and 2.16). This
difference in the magnitude of the total torque is because of the difference in the trajectory of
approach for cubic and triangular prism particles (Figure 2.7 and 2.17). The magnitude of this
torques on the particles can be reduced to some extent by making them approach each other via
„diagonal‟ trajectory. Due to the non-spherical shape of the particles, the nematic LC is also
expected to transmit force on the particles. Calculation of the forces is not considered in this
work and would be the subject of future studies.
In the second part of the research, molecular dynamics simulations of a system of two
CNTs immersed in the liquid crystalline solvent were performed in order to investigate how the
CNTs interaction are affected by varying the molecular structure and the phase of the LC.
Single-walled CNTs with armchair configuration (5, 5) were considered in our simulations. LCs
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with different chemical structure: 5CB and 8CB (which are members of the 4-cyano-4‟-nalkylbiphenyl series (nCB)) and different phases: smectic and nematic phase of 8CB LC, were
considered in these simulations. The effect of varying the chain length of the hydrophobic tail of
the nCB LC molecule on the CNT interactions was investigated by performing the MD
simulations of a system of CNTs in 5CB NLCs and CNTs in 8CB NLCs. The results indicate
that the CM for 5CB NLCs system is deeper than that of 8CB NLCs system and the PMF for the
5CB NLCs system reaches a value of 0 at larger separation than that of 8CB NLCs system
(Figure 3.3). Thus, there is a strong tendency of aggregation for CNTs in the 5CB NLCs system
as compared to the 8CB NLCs system. This indicates that, increasing the chain length of the
hydrophobic part of the nCB LC molecule decreases the tendency of aggregation for CNTs in
nCB LCs.
The effect of varying the phase of the liquid crystalline solvent on the CNTs interactions
was investigated by performing the MD simulations of a system of CNTs in 8CB NLCs and
CNTs in 8CB SLCs. The results indicate that the CM for 8CB NLCs and SLCs has the same
depth and there is a significant difference in the PMF profiles only for small range of separation
(Figure 3.5). Thus, the tendency of aggregation for CNTs is similar in both 8CB NLCs and SLCs
system. This demonstrates that, varying the phase of the liquid crystalline solvent is insufficient
to decrease the tendency of aggregation for CNTs in LCs.
In future, LC molecules with different

chemical functionalities such

n-(4-

methoxybenzylidene)-4-butylaniline (MBBA), as well as other trifluorinated bicyclohexyl and
cyclohexylbiphenyl derivatives can be considered. Recently, these LC molecules have been
commonly used in display applications [133]. The main idea is to see how the LC molecules
with different chemical functionalities affect the tendency of aggregation for CNTs in LCs.
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Multi-walled CNTs and CNTs with different chirality can also be considered to investigate the
tendency of aggregation for CNTs in LCs.
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